Comprehensive mitigation strategies for gaseous emissions from broiler operations requires knowledge of the litters' physical and chemical properties, gas evolution, bird eff ects, as well as broiler house management and structure. Th is research estimated broiler litter surface fl uxes for ammonia (NH 3 ), nitrous oxide (N 2 O), and carbon dioxide (CO 2 ). Ancillary measurements of litter temperature, litter total N, ammonium (NH 4 + ), total C content, moisture, and pH were also made. Grid sampling was imposed over the fl oor area of two commercial broiler houses at the beginning (Day 1), middle (Day 23), and end (Day 43) of a winter and subsequent summer fl ock housed on reused pine shavings litter. Th e grid was composed of 36 points, three locations across the width, and 12 locations down the length of the houses. To observe feeder and waterer (F/W) infl uences on the parameters, eight additional sample locations were added in a crisscross pattern among these automated supply lines. Color variograms illustrate the nature of parameter changes within each fl ock and between seasons. Overall trends for the NH 3 , N 2 O, and CO 2 gas fl uxes indicate an increase in magnitude with bird age during a fl ock for both summer and winter, but fl ux estimates were reduced in areas where compacted litter (i.e., caked litter or cake) formed at the end of the fl ocks (at F/W locations and in the fan area). End of fl ock gas fl uxes were estimated at 1040 mg NH 3 m −2 h , and 27,200 mg CO 2 m −2 h −1 in summer. Th e results of intensive sample eff orts during winter and summer fl ocks, reported visually using contour plots, off er a resource to the poultry industry and researchers for creating new management strategies for improving production and controlling gas evolution. Particularly, eff orts could focus on designing housing systems that minimize extremes in litter compaction. Th e extremes are undesirable with more friable litter prone to greater gas evolution and more compacted litter providing a slippery, disease-sustaining surface.
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Spatial Contrasts of Seasonal and Intrafl ock Broiler Litter Trace Gas Emissions, Physical and Chemical Properties
D. M. Miles,* J. P. Brooks, and K. Sistani E coefficiency is defi ned as linking industry profi tability with environmental consciousness (Schwarz et al., 2002) and it is becoming a recognizable initiative for animal agriculture. Beyond protecting land and water resources, air quality has emerged as an area of concern. Gaseous emissions of NH 3 and greenhouse gases such as CO 2 and N 2 O within animal housing facilities degrade indoor air quality, as well as perturb the environment once the air is exhausted. For broiler litter (a mix of organic bedding material covering the house fl oor, excreta, feathers, spilled feed, and water), emissions tend to increase (up to a point) with litter reuse from fl ock to fl ock (Miles, Rowe and Owens, 2008; Carr et al., 1990) . A fl ock or growout is the duration of time from when chicks are placed in a house until they are harvested. Th e time varies from approximately 35 to 60 d, depending on the intended market (e.g., size of bird desired). Mitigation of indoor air for broiler houses with reused litter can include the use of chemical amendments or increased ventilation. Chemical amendments usually act by decreasing litter pH (McWard and Taylor, 2000) , are related to reducing NH 3 emissions from litter, and are eff ective for a limited time at the beginning of a growout. Increased ventilation is usually needed later in the growout to keep birds at a comfortable temperature. Pulling in fresh air dilutes the building's pollutant gas concentrations, but this does not address environmental concerns relating to gas emissions.
Ammonia generation can negatively aff ect broiler operations. Natural microbial processes during the breakdown of excreta generate NH 3 , which reduces bird performance at aerial concentrations of 25 to 50 μL L −1 (Reece et al., 1981; Miles et al., 2004) . Depending on duration of exposure and concentration, broilers may also experience respiratory and ocular problems (Al Homidan et al., 2003; Anderson et al., 1964; Charles and Payne, 1966; Valentine, 1964) . Th e NH 3 exposure limit (25 μL L −1 ) for broiler houses has been created for human protection, rather than animal wellbeing (Kristensen and Wathes, 2000) . Negative environmental consequences (e.g., soil acidifi cation, soil and water eutrophication, aerosol formation/regional haze) caused by NH 3 exhausted from houses have come to the forefront more recently (NRC, 2003) . Animal feeding operations release large amounts of NH 3 , accounting for approximately 50% from all sources-including other agricultural and industrial processes in the United States. (NRC, 2003) .
Climate change spurs the interest in greenhouse gases (GHG) such as N 2 O, CO 2 , and methane (CH 4 ). Wathes et al. (1997) reported concentrations of N 2 O and CH 4 in broiler houses scarcely exceeded ambient levels and that CO 2 fell within acceptable limits. Emission of GHG attributed to agriculture is approximately 6% of the U.S. total (USEPA, 2008) , where approximately half of that is associated with soil management. Other estimates assign about 20% of the projected anthropogenic greenhouse eff ect to agriculture, which produces 50 and 70% of CH 4 and N 2 O, respectively (NRC, 2003) . Little information exists on factors aff ecting fl uxes of CH 4 and N 2 O from animal housing facilities, other than temperature and pH (NRC, 2003) .
A comprehensive strategy is needed to maintain indoor air quality for animals and farm workers, as well as to mediate any potential negative eff ects on the environment. Th e objective of this work was to elucidate spatial diff erences between summer and winter seasons at the beginning, middle, and end of the respective fl ocks for broiler litter gas fl ux (NH 3 , N 2 O, CO 2 ), selected physical properties (moisture, surface temperature), and chemical properties (total N, NH 4 + , total C, pH) for two modern U.S. commercial broiler houses.
Materials and Methods

Description of Site and Flock Management
Th e current, two-fl ock study followed a previous winter fl ock study conducted on the same farm (Miles et al., 2008) . Sampling methods were consistent between the fl ocks. Flock management, which is subject to grower/integrator preferences at any particular time, made up the major diff erences noted for house management (such as chemical litter treatment applied to the litter before the winter fl ock, discussed below). In 2005, two commercial broiler houses in central Mississippi were intensively sampled for litter surface gas fl ux and associated litter properties during a winter (February through March) and summer (June through July) fl ock. Th e solid-sidewall, tunnelventilated houses were positioned as the middle two houses on a four-house farm. Air entered the west end of the houses through evaporative cooling pads and was exhausted on the opposite end via a combination of one 91-cm and 10, 122-cm fans. Th e approximately 3.5-yr-old houses had overall dimensions of 12.8 m by 146.3 m.
Th e western half of each house, lengthwise from the evaporative cooling pads to the center of the house, is designated as the brood area or brood half of the house. During the early stages of rearing, from placement to somewhere between 5 and 12 d of age, chicks are confi ned to the brood half of the house. A brood curtain suppresses loss of heat supplied to the area via propane heaters; the brood fence contains the chicks until they can maintain their own body temperature (2 to 3 d) or until more feeder/waterer (F/W) space is needed (after ∼12 d). Th e opposite end, or other half of the house, is the nonbrood area (Fig. 1) . Th e nonbrood half of the house contains the tunnel ventilation exhaust fans at its easternmost end. For discussion purposes, the nonbrood half of the house is diff erentiated from the fan area, although the fan area is located within the nonbrood half of the house. Th e fan area occupies approximately 16 m of the house length near the tunnel ventilation fans. Th e fan area is a 200-m 2 area that is frequently an area of high bird density thought to be due to light infi ltration. Th e fan area is commonly tied to extreme measurements in several of the parameters and as such the results associated with the fan area are discussed. Th e area is marked with a rectangle where warranted by parameter extremes on Fig. 2, 3 , and 4.
Pine shavings constituted the initial bedding material and were placed in each house to a depth of approximately 10 cm before the fi rst fl ock. Th e winter and summer fl ocks studied here represent the 15th and 17th consecutive growouts on the bedding. Management of the litter included removal of compacted litter (i.e., decaking, Sistani et al., 2003) between fl ocks. Compacted litter (known in the poultry industry as cake or caked litter) forms in areas of high bird density and is usually characterized by higher moisture content. Before the winter fl ock, the brood area litter was treated with a chemical litter treatment (PLT, Jones-Hamilton Co., Walbridge, OH) at a rate of 0.314 kg m −2 . Th ough no chemical litter treatment was added before the summer fl ock, the entire depth of the litter had been tilled down to the dirt pad after removing compacted litter. At the beginning of each fl ock (Day 1), approximately 27,000 broiler chicks were placed in each house. Th ey were provided commercially formulated corn (Zea Mays L.)-based diets via automated feeder lines and were allowed 24-h access to their choice of volume of consumption. Th e birds were grown for approximately 44 d to a body weight of 2.3 kg.
On Day 1 (beginning), 23 (midfl ock), and 43 (end of growout), sampling was performed for litter surface gas fl ux along a 36-point, grid-coordinate system (Fig. 1) . Sample locations were separated by 5 m across the houses and by 12 m down the length of the houses. Eight additional sample points were located in a crisscross pattern among F/W. Unlike the previous study (Miles et al., 2008) that only investigated the high-traffi c F/W areas at the end of the growout, this work included those additional samples at all sampling dates. Two automated feedlines span the length of the house; these are located approximately 3.7 m from the center of the house. Nipple-type waterer lines are located on either side of the feeder lines. Th e four waterer lines have nipples spaced at 39-cm intervals.
Litter Physical and Chemical Properties
Litter surface temperature using infrared detection (Raynger ST, Raytek Corp., Santa Cruz, CA) was recorded at the same time as gas fl ux at each location. Litter conditions were assessed qualitatively, such as "heavy cake" or "friable litter," at each location during the fl ux measurements. Broiler cake is approximately 5 to 10 cm thick and forms on the surface of bedding material (Sistani et al., 2003) , whereas friable litter is primarily loose particles of bedding and dried manure. Measured air properties, at each sample location, included temperature and relative humidity, given in Table 1 . Th ese were determined using a pocket weather meter (Kestril 3000, Neilson Kellerman, Chester, PA). Ammonia concentration at 1 m above the litter surface, also reported in Table 1 , was measured intermittently throughout each house using a handheld electrochemical sensor (EC-P1, Honeywell Analytics, Lincolnshire, IL).
Litter samples, obtained from the 44 total sampling positions, were collected from the upper 5 cm, placed in a cooler, and transported back to the laboratory for elemental analysis and to determine moisture content and pH. Total N and total C were determined via combustion Max CN analyzer (Elementar Americas, Inc., Mt. Laurel, NJ). Water extraction in conjunction with fl ow injection analysis (QuikChem 8000, Lachat Instruments, Milwaukee, WI) was used to determine litter NH 4 + . Moisture content was found via loss in weight after oven drying at 65°C for 48 h; pH was measured using a 1:5 litter:deionized water ratio.
Litter Surface Gas Flux
A photoacoustic multigas analyzer (Innova 1312, California Analytical, Orange, CA) and static chamber technique were used to estimate NH 3 , N 2 O, and CO 2 gas fl ux. Gas fl ux was predicted by using the concentration diff erence reported by the photoacoustic analyzer after inverting a vented, cylindrical chamber (14.3-cm radius, 35-cm height) over the litter as done previously (Miles et al., 2006 (Miles et al., , 2008 . At time zero (t 0 ) , the chamber was screwed into the litter to a depth of approximately 2 cm to ensure an adequate seal around the bottom edge. To determine the gas concentrations, the analyzer pumps in a sample that is then sealed in the analysis cell. Sequentially, each gas-specifi c, optical fi lter is rotated in front of the cell as pulsed, infrared light is passed through the cell. Th e pulsing light creates a pressure differential within the analysis cell that produces an acoustic signal, measured by microphones within the analyzer, which is proportional to the gas concentration in the cell. Th e analyzer measures water vapor in the sample to compensate for water vapor interference when needed (e.g., with NH 3 ). Th e analyzer also includes algorithms to cross compensate for interferences among the gas species (e.g., N 2 O and CO 2 ). Th e diff erence in concentration arises between the time the bucket was placed on the litter (t 0 ) and 70 s (t 1 ) later when the analyzer pumps in the second sample at each location. A small electric fan, located within the chamber, circulates air within the chamber for 10 s before t 1 . Gas fl ux is approximated using the ideal gas law, chamber area, deployment time, and concentration diff erence. Ammonia concentration at t 0 , which approximates the litter surface concentration, is provided in Table 1 for comparison with the concentration of NH 3 at 1 m.
Statistics and Data Analysis
Procedures of Statistical Analysis Systems (SAS Institute, 2003) were used to assess correlations (PROC CORR) and analyze variance (PROC GLM) among measured parameters. Th e sources of variation included season, bird age, and half of house (brood half or nonbrood half ). For most parameters, interaction among the sources of variation made it appropriate to conduct a second analysis of variance at each bird age. Half of a house was the experimental unit with 18 grid measurements (subsamples) per half. Th e declaration for signifi cant eff ects was set at α = 0.05. To visually assess the spatial irregularity among sample locations for gas fl ux and litter parameters in the two houses, contour plots (variograms) were developed using geostatistical software (Golden Surfer 8.0, Golden, CO) for the winter and summer fl ocks at three dates within each fl ock (beginning, middle, and end). Th ese can be seen in the plan-view plots of Fig. 2, 3 , and 4. Th e grid and additional F/W sample positions over the broiler house fl oor become a contiguous surface for each dataset by kriging, a statistical method that seeks to minimize error variance between samples while using weighted linear combinations of proximal values. Upper limit values are coded red and, as the magnitude of the data values decrease, the color scale proceeds to dark blue for the lowest values. Datasets in Fig. 2, 3 , and 4 for selected litter properties, compounds, and gas fl ux are composed of four contour plots/day for two side-by-side commercial broiler houses (H1 and H2) during winter and summer fl ocks on reused pine shavings litter. Th e format for each fi gure gives a parameter in a column and progresses down each column with increasing bird age. Litter temperature on Day 1, 23, and 43 is given down the left side of Fig. 2 , followed by litter moisture in the center column and litter pH on the far right. Litter chemical components include total N, NH 4 + , and total C in Fig. 3 ; NH 3 , N 2 O, and CO 2 litter surface gas fl ux are given in Fig. 4 . Previous work (Miles et al., 2008) showed that spatial representation of relative humidity and air temperature was not warranted due to lack of correlation to surface gas fl ux. Table 1 provides air temperature, relative humidity, NH 3 concentration at 1 m from the litter surface, and litter surface gas concentrations (t 0 from the fl ux method) for NH 3 , N 2 O, and CO 2 pooled for each house and season. Pooled litter properties are given in Table 2 , which corresponds to the spatial depictions in Fig. 2 . Similarly, Table 3 (pooled  litter chemical components) and Table 4 (pooled litter gas fl ux estimates) relate to Fig.  3 and 4, respectively. Where possible, the parameters in Table 1 through 4 are reported with their standard deviations to provide the reader with a numerical representation of the variability of the data.
Results
Litter Physical Properties
Litter temperature for both fl ocks on Day 1 refl ected the half-house brood management scheme used by the grower (Fig. 2) . Compared with the nonbrood end, the brood half of the houses were hotter by approximately 2 to 3°C during the summer fl ock, but that diff erence in the winter fl ock was elevated to 10 to 25°C. Because the initial analysis of variance indicated a signifi cant season × bird age × half of house interaction, further analyses were conducted for each day. Overall measured litter temperature on Day 1 indicated a signifi cant season × half of house interaction (P = 0.002).
Th e Day 1 (brood) measurement was the only measurement date in which a trend in temperature was evident on the variograms. In the later litter temperature measurements, bird movement due to researcher intrusion, outside temperature, and house structure are expected to combine to create the variability of litter surface temperature seen in the contour plots. On Day 23, both houses in winter and summer were similar, where the majority of litter temperatures fell into a range of 26 to 32°C (Fig. 2) . During the midfl ock measurement, no season × half of house interaction was evident, nor was half of house signifi cant as a main eff ect. At that time, season exhibited a signifi cant (P = 0.0465) eff ect, producing a summer mean litter temperature of 29.1°C and winter 26.9°C. At the end of the fl ocks on Day 43, the summer litter temperatures tended to be >32°C, whereas the majority of winter temperatures were near 28°C (Fig. 2) . At this stage of the growout, the cooler areas in both seasons were near the evaporative cooling pads. Day 43 analyses indicated no season × half of house interaction. Both the main eff ects of season (P = 0.0016) and half of house (P = 0.0407) appeared signifi cant. Th e litter temperatures derived from the variograms were analogous to those determined using SAS (SAS Institute, 2003) . Mean summer litter temperature on Day 43 was 32.9°C and mean winter litter temperature was 28.1°C. Based on half of the house, the nonbrood mean litter temperature was 31.4°C and the brood mean litter temperature was 29.6°C.
Average respective air temperature for early, middle, and end of fl ocks were ( Litter moisture content was expected to relate to litter temperature in the brood areas of the houses on Day 1 (Fig. 2) . In these areas that correspond to brood heater placement, litter moisture was lower (where the greater temperatures were evident). At the beginning of the fl ock, the observation was supported by traditional statistics showing the eff ect of half of house was signifi cant (P = 0.0137). Overall, Day 1 litter moisture appeared greater (P = 0.0007) in the winter fl ock than the summer fl ock, 26.1% vs. 21.5%, respectively. Because of the number of variables contributing to litter moisture, it is not surprising that analysis of all the data did not show a signifi cant correlation between litter temperature and moisture (P = 0.3555).
During the middle of the growout, litter moisture was somewhat greater in the summer fl ock, which is better illustrated spatially in Fig. 2 than as mean values. Th e F/W sample locations were noticeable on the variograms at Day 23 in both summer and winter, but were inconsistent with respect to litter moisture in winter. Generally in summer, as seen near the marked (X) areas on Fig. 2 , the litter moisture was higher than surrounding litter by 1 to 12%. Neither seasonal nor half of house appeared signifi cant to litter moisture at the midfl ock and end of fl ock sampling dates. At Day 43, the F/W locations exhibited higher moisture during the summer fl ock, but the trend again was not consistent in the winter fl ock. At the end of both fl ocks, F/W samples consisted primarily of compacted litter (heavily caked). Th e notable diff erence between the seasons was the progression of moisture down the house. In winter, litter is drier down the center of the house (∼28%), whereas, in summer, higher moisture was observed down the middle of the house (∼36% or more) with drier litter near the side walls. Also at the end of the winter fl ock, cake covered the fan area of both houses and corresponded to the highest observed litter moisture (near 60%), similar to Miles et al. (2008) . Th e elevated litter moisture in the fan area lacked suffi cient magnitude for the half of house eff ect (P = 0.0517) to meet the signifi cance criterion (α = 0.05).
Litter Chemical Properties
Chemical litter treatment before the winter fl ock lowered the litter pH in the brood area of both houses on Day 1, where lower pH was in the range of approximately 7.4 to 8.3 (Fig.  2) . Th e lack of pH decline near the right sidewall (Fig. 2) was thought to result from the uneven distribution of the treatment in both houses. In the nonbrood area of the houses (the nontreated portion) in winter, pH ranged from about 8.3 to 9.1, where the majority of the area indicated a litter pH > 8.7. On Day 1 in the summer fl ock, litter pH was lower in brood end of both houses (∼8 to 8.3), but in H2 this lower pH extended into the nonbrood end of the house. Half of house appeared signifi cant (P = 0.0196) at Day 1, where the mean brood litter pH was 8.3 and the nonbrood pH was 8.7.
Th e range of values for the whole-house litter pH appeared lower during the midgrowout measurements (Fig. 2)-7 .4 to 8.5 in the winter fl ock and 7.7 to 8.6 in the summer fl ock. Unexpectedly at Day 23, the brood area in H1 in the winter fl ock was predominantly 7.4 pH. On Day 43, litter pH had increased since the midfl ock measurements but not to the extent determined for the beginning of the fl ock. No specifi c trends were noted for litter pH at the end of the fl ock. Th e lowest litter pH for the study was approximately 6.7 to 7.3 in the fan areas of H1 and H2 at the end of the winter growout, noted by the rectangle at the bottom of Fig. 2 . At the end of the summer growout, two areas of higher moisture (50-60%)-just past the center of the house-had a pH near 8.0. Neither seasonal eff ect nor half of house appeared signifi cant at the midgrowout or end of fl ock measurements.
Litter total N showed similar trends on Day 1 and 23 for both the winter and summer fl ocks (Fig. 3) . Th e brood areas had greater total N (near 3%) than the nonbrood area of the houses and, in the brood area, the F/W litter samples were sometimes elevated beyond neighboring samples (3.4-4.1% N). On Day 1 during the winter fl ock, N levels were quite low in the nonbrood area of H2 (1.7% N over approximately 80% of the area), compared with 1.7 to 2.6% N in H1. At midgrowout, litter total N had increased slightly in the nonbrood area, but the spatial distribution of the area with lesser N persisted from Day 1. By the end of the winter growout, the level of N appeared similar between the houses but was not spatially similar to the two earlier sampling dates. In the nonbrood end of the houses on Day 43 of the winter fl ock, total N was lower down the center of the houses and slightly elevated across the fan area (∼3.2%). Th e winter F/W litter samples had elevated N compared with surrounding samples, with the F/W location near the cooling pad in H1 having the greatest measured N = 4.4%. At the end of the summer fl ock, N levels over the houses ranged from 2 to 3% N and the F/W samples exhibited lower N concentrations in contrast to most of the winter F/W total N levels that were higher than surrounding samples.
Overall, the eff ect of half of house was highly signifi cant (P < 0.0001), demonstrating a mean brood half of 2.79% N and mean nonbrood half of 2.38% N in the litter. Th e season × bird age interaction was signifi cant (P = 0.0328). On Day 1 and 23, only the half of house was signifi cant, both showing greater total litter N in the brood half. At the end of the fl ock, however, only season was signifi cant, indicating winter mean total N (2.57%) was greater than summer (2.35% litter N).
Litter NH 4 + content (mg kg , respectively. On Day 23, the NH 4 + levels in the houses for both winter and summer fl ocks were similar and near the lower concentration (1200 mg kg −1 NH 4 + ), with only a few locations near 8200 mg kg −1 during the winter fl ock. At the end of the winter fl ock, NH 4 + increased throughout the house in no discernable trend but was predominantly higher across the fan area. Th is area exhibited the greatest NH 4 + concentrations of the study, with the maximum at 27,300 mg kg −1 . However, the same phenomena were not observed on Day 43 of the summer fl ock. Th ere, the NH 4 + levels had decreased in H1 since the middle of the fl ock, but, in H2, four areas of greater NH 4 + were observedthe two F/W locations on the left side of the house, one location near the center of the house, and most of the fan area skewed to the right. Th ese areas of greater NH 4 + in H2 corresponded to the areas of high moisture on Day 43, but there were no areas of greater NH 4 + observed for H1, even though there were extremes in litter moisture. Th e initial analysis of variance showed a highly signifi cant season × bird age interaction (P < 0.0001) for litter NH 4 + . However, at each age the only signifi cant eff ect was observed at Day 1, where mean winter litter NH 4 + was 13,173 mg kg −1 and mean summer NH 4 + was 2560 mg kg −1 . Litter C content (Fig. 3 ) appeared greater in summer than in winter on Day 1 of the study. Both seasons showed trends for higher C down the center of the houses and in the brood area. Traditional statistics supported these observations in that Day 1 eff ects of season (P = 0.0363) and half of house (P = 0.0043) were signifi cant. Carbon in the litter increased during the middle of the fl ock but was lower at the end of the growout. Th e fan area C was further reduced in the winter fl ock, likely due to greater excreta deposition in the highly populated area. It is diffi cult to visually determine a trend in litter C in the later two measurements. However, half of house appeared signifi cant (P = 0.0205) on Day 23. At the end of the growout, both season (P = 0.0094) and half of house (P = 0.0013) were signifi cant. Table 3 gives the pooled concentration by house and sampling date. Th e end of the growout equates to 26.1% C in winter and 24.7% C in summer. For composting, an important consideration is the C-to-N ratio. Based on location, including all sampling dates, the C:N ranges from 8:1 to 13:1 (calculation not shown). Using Table 3 values to calculate C:N yields approximately 11:1 for both winter and summer.
Litter Surface Gas Flux
Ammonia fl ux from the litter surface increased with increasing bird age. Figure 4 shows the trend appeared more gradual in the summer fl ock. Most NH 3 fl ux in H1 and H2 at the beginning of the summer fl ock was near 400 mg m −2 h −1
. At midfl ock, though the brood area remained ≤400 mg m −2 h −1 NH 3 , midhouse samples in summer yielded higher NH 3 fl ux of 1000 mg m −2 h −1
. Also, a portion of the fan area near the right sidewall in H1 indicated peak fl ux near the same value. In winter, NH 3 fl ux changed little between the initial and midfl ock estimates. Average fl uxes (mg m −2 h −1 ) on Day 1 were 195 in H1 and 266 in H2; on Day 23, average fl uxes were 253 in H1 and 304 in H2 (Table 4) . During the fi rst measurement of the winter fl ock, NH 3 fl ux was essentially zero in the brood area where the litter treatment had been applied. Th e NH 3 fl ux mimicked the skewed nature of the low litter pH regions in Fig. 2 for the Day 1 winter fl ock. At the end of the fl ocks, amplifi ed NH 3 fl ux was evident down the center of the houses and sometimes spanned the width of the house. Peak, center-house fl ux was 2600 mg m −2 h −1 NH 3 . On Day 43 of the summer fl ock in both houses, caked litter areas were noted at the F/W sampling positions and at midhouse (noted by ovals on Fig. 4) . At this time in the winter fl ock, cake persisted primarily in the fan area (enclosed in rectangles on Fig. 4) . All caked areas showed no or very low NH 3 fl ux. Weaver and Meijerhof (1991) , respectively. For the pooled aerial NH 3 concentrations at 1 m above the litter surface, trends over time were dissimilar within H1 and H2 in the winter fl ock-decreasing from Day 1 to 43 in H1 but indicated a greater level at the midfl ock measurement in H2. Th e intermittent schedule of sampling was less than ideal since it was limited by availability of staff to conduct the measurements; the respective number of samples is given in Table  1 . Th e data are useful for gaining an idea of house concentration relative to reported fl uxes. At the 1-m height, trends for both houses were reliable for the summer fl ock, with peak concentrations on Day 1 and much lower later in the growout. In warm weather, increased ventilation is needed to keep birds comfortable as they grow larger. Th e purpose of ventilation is to provide favorable climatic conditions for the birds (Lacey et al., 2002) , where secondary eff ects are drying litter and diluting in-house NH 3 concentrations.
Th ough (as shown above) the litter fl ux potential is increasing with time, greater amounts of fresh air through houses keeps aerial concentration lower. It is interesting to compare NH 3 at 1 m with the litter surface gas concentrations (using the t 0 from the fl ux method). In half of the measurements, the range of NH 3 concentrations at the surface fully exceeds the average range of NH 3 at 1 m (noted by ‡ in Table 1 ). Mean surface NH 3 concentrations exceeded mean NH 3 at 1 m at every measurement. Th is suggests a vertical stratifi cation of NH 3 (higher concentrations near the fl oor) that is impacted by house management, in particular stage of growout and ventilation, on the diff erent measurement days. During a 48-h monitoring period in a Pennsylvania broiler house having reused litter, Wheeler et al. (2003) measured aerial NH 3 concentrations from 85 to 129 μL L −1 and found diurnal fl uctuations as much as 20 μL L −1 in excess or below the average. Th e aerial concentration data reported here are useful, yet simple, but cannot convey the complexity of broiler house litter surface gas fl ux as shown in the spatial fl ux variograms.
Nitrous oxide fl ux gradually increased with time during the growout for both winter and summer (Fig. 4) −2 h −1 , respectively). Carbon dioxide fl ux also increased with increasing bird age. Initially, very low levels (500 to 5500 mg m −2 h −1 CO 2 ) occurred over the entire fl oor area in all houses, both in winter and summer (Fig. 4) . At midfl ock, summer CO 2 fl ux rose in the majority of the nonbrood end of the houses to approximately 18,500 mg m ). Yet, most of the midfl ock winter CO 2 fl ux estimates remained <10,000 mg m −2 h −1
. By the end of both fl ocks, approximately three peak fl ux areas (>50,000 mg m −2 h −1 CO 2 ) were evident in summer and only two in winter. Most samples were approximately 35,000 mg m −2 h −1 CO 2 and fan area fl ux tended to be approximately half that amount. Seasonal eff ects were evident for CO 2 fl ux (P = 0.0426), where summer fl ux was greater than winter (14,927 vs. 12,793 ). Further, the eff ect of bird age was highly signifi cant (P < 0.0001), with each age significantly greater than the next. Day 1, 23, and 43 CO 2 fl ux means were 4399, 11,478, and 25,704 
Discussion
Similar to earlier spatial reports (Miles et al., 2006 (Miles et al., , 2008 , the most distinct litter temperature diff erences occurred at the beginning of the fl ocks and refl ected half-house brooding. Th e signifi cant interaction of season and bird age at Day 1 is indicative of the required brood management. Heaters (brooders), located down the center of the houses in the brood area, maintained temperatures in the center of the houses ≥30°C on Day 1. Th e magnitude of the diff erences between the brood and nonbrood areas in both seasons can be attributed to the outside temperature during the Day 1 measurements, 10.5°C in winter vs. 30.4°C in summer. For both seasons, average air temperature was similar to average litter temperature on Day 1 but was lower for the middle and end of fl ock measurements, suggesting that the birds insulate the litter to maintain it at a greater temperature, an eff ect supported by earlier work (Miles et al., 2008) . Pooled values for litter temperature are adequate except for Day 1 in the winter fl ock, where the variogram (Fig. 2) better conveys the stark diff erences between the brood and nonbrood areas that cannot be appreciated from the average and standard deviations reported in Table 2 . In the previous spatial reports, as well as in the current study, higher litter temperature in the brood areas of both the summer and winter fl ocks corresponded to lower litter moisture at the beginning of the growout. High litter moisture complicates litter management and degrades the house environment by increasing the rate of ammonia losses to the air, fl y development, management, storage, and removal costs due to greater litter weight and volume, incidence of respiratory disease, virus survival, dermatitis, and breast burns (Francesch and Brufau, 2004) . Average broiler litter moisture from several reports include 19 to 31% (Chamblee and Todd, 2002) ; 30 to 33.5% (Glancey and Hoff man, 1996) ; 22.7 to 25.5% (Miles et al., 2006) ; 22.6 to 36.4% (Miles et al., 2008) ; and 25.6 to 29.7% (Sistani et al., 2003) , with caked litter having 44 to 47.7% moisture (Sistani et al., 2003) . A common idea among broiler managers is that winter fl ocks are more prone to litter management problems, a time when it is more diffi cult to maintain drier litter. However, this does not hold true for the winter and summer fl ocks studied here. In viewing the contour plots, the litter moisture between the two seasons does not diff er appreciably in overall magnitude. Also, seasonal eff ect was not found statistically signifi cant. Th ough the winter fl ock initially (Day 1) had 4 to 5% higher moisture content on average, the summer fl ock ended with higher average moisture and had higher moisture over most of the fl oor area. Th e moisture profi le across the width of the houses, indicating higher moisture near the side walls, at the end of the winter fl ock was similar to the previous winter report (Miles et al., 2008) . Th e report supposed that a more fully developed air fl ow resulting from tunnel ventilation was able to decrease moisture down the center of the house. However, for the current summer fl ock, the profi le was reversed showing higher moisture in the center of the houses. Comparatively between winter and summer, relative humidity was lower during the winter fl ock as expected. Greater relative humidity of the air moving through the house in summer and the introduction of moisture via evaporative cooling pads are the likely causes of the reversing trend. Th e rate of litter drying may be reduced when using evaporative cooling because of increased relative humidity within houses (Carey et al., 2004) . With respect to gas evolution, neither Miles et al. (2008) nor Lacey et al. (2003) saw noteworthy correlations among in-house air properties (temperature and relative humidity) and emissions.
A primary contrast between the prefl ock management of the winter and summer growouts was decaking/litter treatment in winter with decaking/tilling before summer. Decaking removes the compressed layer of the litter surface and leaves the litter base relatively undisturbed, but tilling mixes and aerates the bulk of the litter. Th is releases moisture and NH 3 between fl ocks and can potentially liberate more NH 3 into the subsequent fl ock without adequate drying time (Miles et al., 2008) .
Th e current research cannot refute or support whether more NH 3 was released in the summer fl ock due to tilling. Th is is due to the lack of researcher control over the combination of management schemes used and because the study was not designed to answer that particular question. However, the Day 1 summer litter moisture profi le supports adequately dry litter. Although the summer fl ock followed the winter fl ock, litter N was lower in the summer fl ock. Th e lack of accumulation attests to the dynamic nature of N cycles in litter and the importance of NH 3 losses that decrease the fertilizer value of litter. Table 5 provides the correlations among the measured variables that detected linear dependencies between 0.5 to 1 or −0.5 to −1, which also met the signifi cance criterion (α = 0.5). It is not surprising that the overall correlations are not strong among the parameters. Th e results repeatedly indicated the eff ect of season, bird age, and half of house, which generally supported observations based on the spatial contour plots.
Contrasts between winter and summer gaseous fl ux are discussed below and are related primarily to sampling day and position observed from the variograms. Th e only parameters obviously aff ected (decreased in magnitude) by chemical litter treatment were pH and NH 3 fl ux at the beginning of the winter fl ock. Th e other gas constituents, CO 2 and N 2 O, were not aff ected. During intermediate steps of denitrifi cation (an anaerobic process), N 2 O forms as aerobic organisms use nitrate as the terminal electron acceptor in the absence of oxygen (Prescott et al., 2002) . Carbon dioxide is produced during multiple phases of the aerobic breakdown of uric acid (Carlile, 1984) . Th e chemical treatment did not appear to interrupt these pathways.
Th ough samples near F/W lines did not always create defi nitive outcomes for each parameter, either high or low, these samples began to emerge as diff erent on Day 23 and were consistently diff erentiated from surrounding samples on the spatial plots as higher or lower on Day 43. Moisture content at F/W locations was consistently greater during the summer fl ock. However, during the winter fl ock, the trend to be higher or lower was not reliable in contrast to the previous winter study in which F/W locations exhibited lower moisture (Miles et al., 2008) . Also, total N was notably higher or lower than surrounding samples at the end of growouts. Feed spillage would account for greater N and lower moisture at F/W locations.
Bird activity would be likely to aff ect feed spillage in an inconsistent manner, partly explaining the variability seen here. At the end of the growouts, gas fl ux for all measured gases was consistently lower at F/W locations. Th ese locations were heavily caked. Th e other heavily caked regions that corresponded to low NH 3 , N 2 O, and CO 2 fl ux included the midhouse areas of the houses in summer and the fan areas in winter.
Th e remaining sample locations down the houses were associated with friable litter. At these positions, relative trends among NH 3 , N 2 O, and CO 2 were not clear. Localized low/ high fl ux for a particular gas did not translate into a similar or opposite magnitude fl ux for the other gases. Th us, trends were not consistently associated with location, litter condition, or other parameters. However, the correlation of gas fl uxes to each other was fairly strong (0.66 to 0.89). Future research should address how changes in NH 3 fl ux compare with and aff ect changes in GHG fl ux so that mitigation for all gases can be accomplished comprehensively.
Rowing litter between fl ocks to take advantage of compost reduction of pathogenic microbes is emerging (or re-emerging) as a management practice for U.S. broiler houses. Although litter C content has not been previously depicted spatially, increasing interest for in-house composting and in carbon credits/climate change/GHG make its inclusion timely. Carbon, N, P, and K are important nutrients to composting bacteria and an initial C-to-N ratio is ideally 30:1 (USEPA, 1995). For the organic fraction of poultry manure, the C-to-N ratio can vary from 1:1 to 27:1 (Nahm, 2003) . For the current study, end of fl ock litter contained roughly 25% C and had a C-to-N ratio of approximately 11:1. Th e Manure Composting Manual (2004) provides a C-to-N ratio at 15:1 for broiler litter having 4.7% N (dry weight) and 25% moisture, but that as a base material wood chips have C:N from 212:1 to 313:1 and 0.04 to 0.23% N (dry weight). For successful composting, other factors (moisture, row size, time, labor, pathogen reduction/ survivability) should be considered. Based solely on the N and C litter measurements of the study, addition of carbonaceous materials to litter would be needed to optimize C:N.
Although decreased gas fl ux was associated with the fan area in winter and summer, extremes in other parameters in the fan area (increased moisture and NH 4 + , decreased pH and C, and slightly elevated total N) are considered winter phenomena. In summer, two midhouse areas of heavy cake corresponded to decreased gas fl ux, increased moisture and NH 4 + , and decreased pH. Th us, caked litter demonstrates diff erent characteristics than friable litter. Novel litter management strategies should calculate house areas prone to cake formation (under F/W, in the fan area) and sample cake separately from uncompacted litter to arrive at better estimates of parameters for bulk litter and surface gas fl uxes so that strategies for optimal management can be developed. Particularly, eff orts could focus on designing housing systems that minimize extremes in litter compaction. Th e extremes are undesirable with friable litter prone to greater gas evolution and compacted litter providing a slippery, disease-sustaining surface.
Th is study, as one in a series of intensive spatial investigations of broiler litter surface properties and gas fl ux, presented color contour plots for quick visual assessment of litter parameters, spanning fl ocks in opposing seasons (winter and summer). Highly variable spatial distribution of most parameters cannot be adequately characterized by average values. For example, litter total N tabular data demonstrate little change in magnitude during the fl ocks, but the contour plots indicate extremes that would otherwise be masked. Beyond the areas of compacted litter (cake), changes in parameter trends appear more distinct based on contrasts among bird ages more so than contrasts between the houses.
Conclusions
Th e ultimate utility and knowledge to be gained from the material presented herein will stem from the users' fi nal objective for answering questions related to NH 3 , N 2 O, and CO 2 gas emissions, bird eff ects, house or litter within fl ocks, end of fl ock, or time of year. One example pertains to scientists studying microbial populations or growers recognizing problems with insect inhabitation and proliferation within litter. Th e research demonstrated trends in gas emissions and litter chemical and physical properties for two modern commercial broiler facilities. Th e trends of the measured parameters could be evaluated relative to trends observed by microbiologists or growers for their particular interest. Th us, the research can be used as a decision tool or guide for further study based on the reported relationships (i.e., Do other researcher observations in similarly constructed broiler houses correspond to temperature, moisture, pH extremes, bird age eff ects, or season?). A broader example for improvements in bird productivity and minimizing environmental concerns beyond current management practices involves new concept housing designs. A multidisciplinary group of integrators, growers, and researchers could use the results to conceptualize novel approaches (accompanied by cause and eff ect hypotheses) for the manner in which birds are managed and housed.
